cent cells are usually characterized by irreversible cell cycle arrest, enlarged size, flattened shape, induced senescenceassociated β-galactosidase (SA-β-gal) activity, senescenceassociated secretory phenotype (SASP), and the formation of senescence-associated heterochromatin foci (Salama et al., 2014) . These senescent cell changes are related to tumor suppression, development, and aging (Baker et al., 2016) . Thus, these cellular senescence features should also be evident in aged brain cells. For example, in normal brain aging and chronic age-related neurodegenerative diseases, microglia express increased pro-inflammatory cytokines (Bachstetter et al., 2011) . Moreover, p16-positive neural stem cells are detected in the aging brain (Zou et al., 2012) .
Astrocytes play various important roles in the brain, such as supporting brain structures during basal and traumatic conditions, blood-brain barrier regulation, transmitter uptake and regulation, and immune modulation. In this regard, it is important to note that the aged brain dysplays functional alterations that are normally regulated by astrocytes. Increased glial fibrillary acidic protein (GFAP) in astrocytes and disruption of the blood-brain barrier (BBB) are some of the commonly observed changes in the aged brain (Nichols et al., 1993; Cotrina and Nedergaard, 2002) . Although the mechanism of BBB disruption in the aged brain is not clear, some studies have shown that astrocytes secrete inflammatory components that may increase BBB permeability (Abbott et al., 2006) . With aging, SASPs including several interleukins (ILs), monocyte chemotactic proteins (aka CCLs), and growth-related oncogenes (aka CXCLs) accumulate in various human and mouse tissues (Chinta et al., 2015) . In the aged brain, the expression of IL-6 in glial cells is higher than that in the young rat cortex, hippocampus, and striatum (Xie et al., 2003) . SASPs may have potent effects on neighboring cells and systemic tissue milieus. These results suggest that brain aging is related with astrocyte senescence, yet the underlying mechanisms and relevance are still incompletely understood.
Sirtuins are a class of proteins that exhibit mono-ADP-ribosyltransferase or deacetylase activity. Sirtuin 1 (SIRT1) and sirtuin 2 (SIRT2) are NAD+-dependent histone deacetylases (HDACs) class III and are included in sirtuin class I. SIRT1 also regulates metabolism and inflammation, and physiologically deactivate the p53 protein in mammals (Saunders and Verdin, 2007) . SIRT1 induces autophagy through the deacetylation of proteins as demonstrated in cultured cells and tissues. Some SIRT1 activators (SRT2104 and SRT1720) are reported to extend the lifespan and improve bone and muscle mass of mice Mitchell et al., 2014) . Brain-specific SIRT1-overexpressing mice show delayed aging and lifespan-extension phenotypes that may be in association with SIRT1 activities in the central nervous system neurons (Satoh et al., 2013) . EX-527, a SIRT1 inhibitor with low or no inhibitory effects on other SIRTs, increases levels of acetylated p53 in cells. However, it inhibits the deacetylation of mutant huntingtin proteins and thus, promotes the degradation of acetylated mutants by autophagy. Recently, EX-527 completed the phase 2 safety and tolerability study as a targeted drug therapy for Huntington's disease (Kim et al., 2016) . SIRT2 is involved in cell cycle and tumorigenesis, and assists in the repair of DNA. SIRT2 is transiently transported to the nucleus during the G2/M transition of the cell cycle, thereby regulating chromosomal condensation during mitosis (Vaquero et al., 2006) . Finally, SIRT2-overexpressing cells exhibit marked prolongation of the cell cycle (Dryden et al., 2003) . Despite the essential role of SIRT1 and SIRT2 on cellular senescence, the specific mechanisms on their role in astrocyte senescence are still unclear.
Tenovin-1 has been known for its role in inhibiting SIRT1 and SIRT2, inducing apoptosis in vitro, activating and elevating acetylated p53 level, and activating p21 and p53. Tenovin-6 is an analog of tenovin-1, which is more water-soluble than tenovin-1 and is also a small-molecule inhibitor of SIRT1 and SIRT2 in various colon cancer cell lines. Both SIRT1 and SIRT2 inhibitors delay tumor growth in vivo without significant general toxicity (Lain et al., 2008) . HDAC inhibitors are known to trigger senescence through genome-wide chromatin decompression (van Deursen, 2014) . Although brain aging is related to various diseases including neurodegenerative diseases, cellular senescence studies are focused mainly on anti-cancer therapy in cancer cell lines. Moreover, studies on the aging of brain cells are mostly focused on neurons, while senescence in astrocytes has received less attention. In this study, we investigated the relationship between SIRT and astrocyte senescence using specific SIRT inibitor tenovin-1.
MATERIALS AND METHODS

Materials
The following materials were used in this study: Dulbecco's modified Eagle medium (DMEM)/F12, Penicillin-Streptomycin (P/S), 0.25% trypsin-EDTA from Gibco BRL (Grand Island, NY, USA); 10% Fetal Bovine Serum (FBS) from Gibco BRL, and dimethyl sulfoxide from Invitrogen (Carlsbad, CA, USA); Tween ® 20 and ECL TM Western blotting detection reagent from Amersham Life Science (Arlington Heights, IL, USA); tenovin-1 from Tocris bioscience (Minneapolis, MN, USA); anti-β-actin from Sigma (St. Louis, MO, USA); anti-iNOS from Abcam (Cambridgeshire, UK); anti-COX2 from Santa Cruz Biotechnology (CA, USA); anti-phospho-H3 and anti-histone H3 from Cell Signaling Technology (MA, USA); anti-CDK2 and anti-CDK4 from Santa Cruz Biotechnology; anti-GFAP from EMD Millipore (MA, USA); senescence detection kit from Abcam.
Astrocytes culture
Animal experimental procedures were carried out following protocols approved by the Institutional Animal Care and Use Committee (IACUC) of Konkuk University. Sprague-Dawley (SD) rats were purchased from Samtako Inc (Gyeonggi, Korea). Astrocytes were harvested from the brain cortex of postnatal day 2 (P2) SD-rat pup and were cultured as described previously Kim et al., 2013) . Concisely, brain cortices were divided and suspended into single cells by mechanical trituration. Cultured cells were seeded on poly-dlysine (20 µg/ml) coated plate and maintained in DMEM/F12 with 100 U/ml of penicillin, 100 mg/ml of streptomycin, and 10% heat-inactivated FBS in a 95% CO2 incubator at 37°C. Cultured astrocyte medium was changed every 4 days. After 2 weeks, confluent cells were washed twice with serum-free medium and detached by 0.25% trypsin-EDTA. Isolated single cells were subcultured by replating in 6, 12, or 96-well plates. Subcultured astrocytes were positive for GFAP.
Drug treatment
Cultured astrocytes were rinsed twice with media and tenovin-1 was treated with 1, 2, and 4 µM concentrations for 24 h in serum condition. Vehicle group was treated with DMSO. In SA-β-gal staining, tenovin-1 was administered at its highest concentration (4 µM) for 24 h. In wound scratch assay, 4 µM of tenovin-1 was also administered and examined for 72 h. In these experiments, no cellular toxicity was observed.
SA-β-gal staining
SA-β-gal staining was performed using Senescence Detection Kit for the detection of senescent cells. The kit was designed for detecting SA-β-gal activity in cultured cells. Procedures were performed according to the manufacturer's instructions (Dimri et al., 1995) . Astrocytes were seeded in 12-well plates at 2.5×10 5 cells/ml. After 4 days, confluent cells were washed in phosphate-buffered saline (PBS) and then fixed for 15 min with 0.5 ml fixative solution at room temperature. Fixed cells were washed twice with 1 ml PBS and were incubated overnight in 0.5 ml staining solutions mix (staining solution, staining supplement, and 20 mg/ml X-gal in DMSO) at 37°C without providing CO2. The SA-β-gal-positive cells were observed with bright-field microscopy at 100× magnification. TNFα, iNOS, COX2 , and Gapdh mRNA expression was determined in cultured astrocytes by semi-quantitative RT-PCR. RNA was extracted with TRIzol reagent (Invitrogen) and the concentration was measured using a spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). cDNA synthesis was performed using RNA and RT reaction mixture including RevertAid Reverse transcriptase, reaction buffer (Thermo Fisher Scientific, MA, USA) and dNTP (Promega, WI, USA). A total of 0.5 µl of cDNA sample was utilized for PCR amplification under the following cycle parameters: [94°C, 30 s; 60°C, 1 min; 72°C, 30 s]×30 cycles, then 72°C, 10 min for IL-1β, IL-6, TNFα, iNOS and COX2; [94°C, 30 s; 60°C, 1 min; 72°C, 30 s]×23 cycles, then 72°C, 10 min for Gapdh. Primers were designed for IL-1β (sense: 5'-AAA ATG CCT CGT GCT GTC TG-3'/ antisense: 5'-CTA TGT CCC GAC CAT TGC TG-3'), IL-6 (sense: 5'-TTG TGC AAT GGC AAT TCT GA-3'/ antisense: 5'-TGG AAG TTG GGG TAG GAA GG-3'), TNFα (sense: 5'-TAG CCC ACG TCG TAG CAA AC -3'/ antisense: 5'-GGA GGC TGA CTT TCT CCT GG-3'), iNOS (sense: 5'-CTG GCT GCC TTG TTC AGC TA-3'/ antisense: 5'-AGT GTA GCG TTT CGG GAT CT-3'), COX2 (sense: 5'-TGC ATG TGG CTG TGG ATG TCA TCA A-3'/ antisense: 5'-CAC TAA GAC AGA CCC GTC ATC TCC A-3'), and Gapdh (sense: 5'-GTG AAG GTC GGT GTG AAC GGA TTT-3'/ antisense: 5'-CAC AGT CTT CTG AGT GGC AGT GAT-3'). PCR products were then electrophoresed with 1.2% agarose gel and visualized with ethidium bromide (Sigma). PCR products were detected and measured using Image J (NIH) software program. Band intensity was normalized using Gapdh mRNA band intensity.
Reverse transcription-polymerase chain reaction (RT-PCR)
Western blot analysis
Cells were harvested with radioimmunoprecipitation assay buffer consisting of 2 mM EDTA, 0.1% (w/v) SDS, 50 mM TrisHCl, 150 mM sodium chloride, 1% Triton X-100, and 1% (w/v) sodium deoxycholate. Extracted proteins from total cells were quantified using a BCA assay kit (Thermo Fisher Scientific) and boiled for 5 min at 105°C. Protein samples were separated by SDS-PAGE for 120 min at 100 V. Electrophoretically separated proteins were transferred to nitrocellulose membranes for 90 min. Blots were blocked with 1 µg/ml polyvinyl alcohol for 5 min at room temperature and were then washed with Tris-buffered saline and 0.1% Tween 20 (TBS-T). Blots were incubated overnight at 4°C with each primary antibodies (β-actin, 1:40,000; iNOS, 1:2,000; COX2, 1:2,000; p-H3, 1:2,000; histone H3, 1:2,000; CDK2, 1:2,000; CDK4, 1:2,000; GFAP, 1:2,000) diluted in TBS-T. On the next day, blots were washed 3 times and incubated with horseradish peroxidaseconjugated secondary antibody (Life Technologies, Carlsbad, CA, USA) at room temperature for 60 min. Blots were analyzed using a chemiluminescence detection system (Amersham, Buckinghamshire, UK). β-actin was used as the loading control.
Wound closure assay
For live cell analysis of wound closure assay, astrocytes at a density of 2.5×10 5 cells/ml were seeded on poly-D-lysinecoated 96-well plates and incubated until they reached confluence. Upon reaching confluence, we made a scratch that was 700-800 nm wide in each well by using a certified Essen Biosciences automated 96-wound-maker TM (Essen Biosciences, Hertfordshire, UK) on 96-well plates. The medium was replaced with serum. The closure of wound scratch width and relative wound density were measured using the IncuCyte ZOOM system (Essen Bioscience, MI, USA) by imaging each well every 3 h for 72 h. Wound width and relative wound density data were analyzed using the IncuCyte ZOOM microscope software 2015A (Essen Bioscience, MI, USA). Relative wound density was defined as cell density in the wound area expressed relative to the cell density outside of the wound area over time. This metric was normalized for changes in cell density by proliferation and/or pharmacological effects.
Statistical analysis
Experimental results were expressed as the mean ± SEM. Statistical comparisons were performed by t-test using GraphPad Prism 5 software (GraphPad Software Inc., CA, USA), and a value of p<0.05 was considered significant. 
RESULTS
Determination of SA-β-gal-positive astrocytes in vitro
In the SA-β-gal staining experiments in cultured astrocytes, SA-β-gal-positive cells showed blue granular staining in the cytoplasm. The black triangles indicate SA-β-gal-positive cells (Fig. 1A) . The astrocyte culture treated with tenovin-1 for 24 h showed about 3 times more SA-β-gal-positive cells than the vehicle-treated astrocyte culture (Fig. 1B) .
Effects of tenovin-1 treatment on the mRNA expression of senescence-related genes in astrocytes
We examined the effects of tenovin-1 treatment on the mRNA expression of cell cycle-regulatory genes in astrocytes using RT-PCR analysis. Cultured rat primary astrocytes were treated with tenovin-1 for 24 h at 1, 2, and 4 µM concentrations. Astrocytes treated with 10 ng/ml of LPS were used as positive control. IL-1β mRNA expression was dose-dependently increased in tenovin-1-treated groups; the increase was significant in tenovin-1-treated astrocytes at 2 and 4 µM concentrations. It was 2-fold higher in astrocytes treated with 4 µM tenovin-1 than in the vehicle group. IL-6 mRNA expression was also dose-dependently and significantly upregulated in all tenovin-1-treated astrocytes. iNOS mRNA expression level showed an increasing tendency, albeit without a significant change. TNFα and COX2 mRNA expression level did not change, also in LPS treated astrocytes ( Fig. 2A, 2B ).
Effects of tenovin-1 treatment on levels of cell cycle marker proteins in astrocytes
To confirm whether tenovin-1 affects the expression of cell cycle-related proteins, we evaluated the expression of phospho-histone H3, histone H3, CDK2, and CDK4 by western blot analysis. Phospho-histone H3/histone H3 and CDK2, but not CDK4, protein expression significantly decreased in 2 and 4 µM tenovin-1-treated astrocytes (Fig. 3A, 3B) . Overall, the results suggest that tenovin-1 could downregulate phosphohistone H3/histone H3 and CDK2 protein expression, presumably due to cell cycle-regulation defects in astrocytes.
Effect of tenovin-1 treatment on wound-healing activity of astrocytes
We checked the effect of tenovin-1 on wound healing in astrocytes through scratch-wound assay (Fig. 4A) . Tenovin-1-treated astrocytes had lower relative wound density, which is the ratio of cell density compared to unwounded regions, than vehicle-treated astrocytes. Tenovin-1-and vehicle-treated astrocytes showed significant differences in relative wound density 15 h post-scratch and thereafter (Fig. 4B) . Tenovin-1-treated astrocytes displayed slow closure of wound scratch than vehicle-treated astrocytes, and the change in wound width between the two groups was significant from 39 h postscratch (Fig. 4C) . These changes increased time-dependently.
DISCUSSION
Astrocytes perform various important functions in the brain and occupy a larger portion than neurons. Astrocytes play an active role in the neuron-neuroglia crosstalk, maintaining metabolic and ion homeostasis in neurons (Verkhratsky, 2010) . In addition, astrocytes modulate the growth, signal regulation, and synaptic plasticity of neurons. In the brain, astrocytes interact with the capillary endothelial cells and regulate BBB permeability (Abbott et al., 2006) . BBB permeability was shown to increase with aging (Popescu et al., 2009) , and reduction of BBB function by aging leads to cognitive decline and dementia (Zeevi et al., 2010) . Nevertheless, astrocytes have received less attention than neurons in aging-related studies.
In this study, we observed a senescent astrocyte phenotype in vitro using tenovin-1 treatment. Well-known features of senescent cells include increased SA-β-gal activity and SASP and decreased expression of cell cycle-related factors. To identify the individual senescent cells in vitro and in vivo, we employed SA-β gal as a biomarker (Geng et al., 2010; Pospelova et al., 2013) . SA-β-gal-positive cells can be easily determined by counting the number of blue-stained cells in the cytosol (Debacq-Chainiaux et al., 2009) . Although its expression is not definitive for senescence , it remains the most widely used biomarker for determining senescent and aging cells because it is easy to detect in both in vivo and in vitro conditions. Moreover, an increase in SA-β-gal activity in senescent cells increases the abundance of lysosomal enzymes (Kurz et al., 2000) . 6, IL-8, MMP3, IGFBP3, IGFBP5, IGFBP7, PAI-1, and CXCL (Kuilman and Peeper, 2009; Elkhattouti et al., 2015; Palmer et al., 2015) . Senescence also increases IL-6 in human astrocytes (Bhat et al., 2012; Correale and Farez, 2015; Hou et al., 2017) . A number of studies reported increased IL-6 secretion in mouse and human keratinocytes, melanocytes, monocytes, fibroblasts, and epithelial cells by DNA damage and oncogene-induced senescence (Coppe et al., 2008; Kuilman et al., 2008) . Increased expression and secretion of IL-1α and IL-1β was observed in senescent endothelial cells (Maier et al., 1990) , fibroblasts (Palmieri et al., 1999) , and chemotherapy-induced senescent epithelial cells (Chang et al., 2002) . Senescent endothelial, epithelial, and fibroblast cells also showed increased expression of IGFBP-2, -3, -4, -5 and -6 (Wang et al., 1996; Grillari et al., 2000; Coppe et al., 2008) . In the brain, most of the basal expression of cytokines was localized in astrocytes, but not in the microglia and neurons (Campuzano et al., 2009) . These data indicate that astrocytes have an important role in inflammation responses during the course of brain aging. In this study, the secretion of IL-6 and IL-1β was induced in senescent astrocytes using tenovin-1. However, levels of other immune-related proteins or the gene expression of TNFα, iNOS, and COX2 were not changed. Whether these results imply a different kinetic profile of the expression of inflammatory marker proteins by tenovin-1 treatment or the dominant role of IL-1 and IL-1β in the senescent inflammatory response of astrocytes remains to be determined. Cellular senescence is defined as a condition in which the arrest of cell proliferation is irreversible (Sasaki et al., 2006; Lee et al., 2017) . We observed decreased levels of cell cyclerelated proteins such as phospho-histone H3 and CDK2, but not CDK4. Cell cycle arrest by cellular senescence is a result of replicative exhaustion in vitro (Hayflick and Moorhead, 1961) . Upregulation of cell cycle suppressors, such as p16, p21, and p53, was also evident in senescent cells in vitro (Ressler et al., 2006) , and whether tenovin-1 may downregulate these markers need to be determined in the future.
In our study, we have not only confirmed molecular changes, but also the functional alterations in senescence-induced astrocytes by tenovin-1. Several experiments have focused on delayed wound-healing effects on aged mice compared with young mice (Ashcroft et al., 1997; Keylock et al., 2008; Guo and Dipietro, 2010) . We found significantly reduced wound-healing function in tenovin-1-treated astrocytes than in vehicle-treated astrocytes. Senescent 92.1 and Mel 270 cell lines, induced by tenovin-6, exhibited decreased wound-healing ability owing to the downregulation of mmp9 and mmp2 (Dai et al., 2016) . Although the molecular mechanism of decreased would-healing activity in tenovin-1-treated astrocytes is unclear, the results suggest that tenovin-1 possibly inhibits SIRT1 and SIRT2 activity and reduces the adaptive response of astrocytes against cellular and physical brain injury.
Overall, we successfully demonstrated the induction of senescence in astrocytes using tenovin-1. Although further studies are needed to unequivocally demonstrate the role of SIRT1 and SIRT2 on astrocyte aging, this model should be used to further investigate the effects of aging astrocytes on neuronal and brain function both in vitro and in vivo, which may help investigate the effects of aging astrocytes on the manifestation of neurodegenerative diseases. For example, investigating the effects of SIRT activators including resveratrol on astrocyte senescence and its overall role in brain aging may provide interesting clues on the modulation of pathological brain aging processes. 
